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Abstract: This research has investigated epitaxial InSb, CdTe, MgCdTe, and CdTe/MgCdTe 
double heterostructures grown on InSb (100) substrates using molecular beam epitaxy. State-of-
the-art materials quality has been successfully achieved in all of these materials, which have 
demonstrated record narrow X-ray diffraction line-widths, ultra-low defect density, and record 
long minority carrier lifetime of over 340 ns. All of these findings provide strong evidence that 
CdTe grown on InSb is highly suitable for use as a virtual substrate for multiple applications, 
including infrared detectors and the investigation of CdTe solar cells.  
 

1. Objectives 
The next generation of IR sensors is likely to be based on large-format (megapixel) arrays of 

photodetectors with multi-spectral band capabilities. HgCdTe alloys and type-II superlattices 
based on GaSb substrates have been shown to be ideal for future mid-wave infrared (MWIR) and 
long-wave infrared (LWIR) photodetector applications. These materials have to be grown on 
suitable substrates that have large areas enabling low manufacturing cost of the arrays, as well as 
having similar bonding properties, lattice constants, and thermal expansion coefficients. This 
research program was initially funded for three years but support was later reduced to a level 
sufficient only for a single year of research due to sequestration of federal funds. Thus, the scope 
of the proposed research had to be substantially curtailed, and effort was concentrated mainly on 
the growth and optical characterization of CdTe/InSb and exactly-lattice-matched CdZnTe/InSb 
heterostructures.  
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2. Research Highlights:  

The CdTe/MgCdTe double heterostructures (DHs) were grown on InSb (001) substrates 
using molecular beam epitaxy [1] These materials revealed strong photoluminescence with over 
double the intensity of a GaAs/AlGaAs DH with an identical layer structure design grown on 
GaAs. Time-resolved photoluminescence of the CdTe/MgCdTe DH gave a Shockley-Read-Hall 
recombination lifetime of 179 ns, which was more than one order of magnitude longer than that 
of typical polycrystalline CdTe films. These findings indicated that the monocrystalline 
CdTe/MgCdTe DHs effectively reduced surface recombination, had limited non-radiative 
interface recombination, and were likely to be promising for solar cells that could reach power 
conversion efficiencies similar to that of GaAs. 

The optical properties of the CdTe/MgCdTe double heterostructures were subsequently 
investigated in more detail [2]. Low-temperature photoluminescence showed strong band-to-
band emission and very weak defect related peaks, indicating low defect densities. The measured 
Shockley–Read–Hall lifetimes ranged from 57 to 86ns at room temperature for samples grown 
under different conditions (see Figure 1.). The material radiative recombination coefficient B in 
the recombination rate defined as R = AΔn + ( 1 - γ) βΔn2 + CΔn3 was evaluated to be 4.3 + 0.5 x 
10-9 cm3.s-1 with a photon recycling factor c of 0.85 calculated based on the geometric structure 
of the samples. 
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Fig. 1. Room temperature photoluminescence decay of a 1-µm-thick 

CdTe/MgCdTe DH showing a lifetime of 86ns. 

Transmission electron microscopy imaging techniques were then used to investigate 
CdTe/MgxCd1-xTe (nominally x ~ 24%) double heterostructures grown by molecular beam 
epitaxy on (001) InSb substrates at temperatures in the range of 235 °C to 295 °C [3]. Defect 
analysis of bright-field electron micrographs indicated that the structure grown at 265 oC had the 
best structural quality of the series, as shown by the example in Fig. 2,, while structures grown at 
30 °C lower or higher temperature had defective morphology. Geometric phase analysis of the 
CdTe/InSb interface revealed strong tensile interfacial strain for the sample grown at high 
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temperatures, suggesting the possible formation of an interfacial compound. However, there was 
no direct evidence visible in high-resolution electron micrographs of the interface region. 

 
Fig. 2.  Bright-field TEM image showing the high structural 

quality of a CdTe/MgCdTe DH grown at 265°C. 

Confocal photoluminescence scans of these monocrystalline CdTe/MgCdTe double 
heterostructures epitaxially grown on lattice-matched InSb substrates revealed very low twin 
defect density, below 1 × 105 cm-2 [4] - see Fig. 3.  

 
Fig. 3. Confocal photoluminescence mapping of the 1 µm 
CdTe/MgCdTe DH sample grown at optimal condition. 

Room-temperature Shockley-Read-Hall (SRH) lifetimes of these samples were determined to be 
in the range of 35 ns to 86 ns using time-resolved photoluminescence (TRPL) measurements. 
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Temperature-dependent TRPL measurements showed that the carrier lifetime reached a peak of 
910 ns at 200 K. Excitation-dependent PL measurements revealed the radiative recombination 
coefficient of CdTe to be 4.3 × 10-9 cm3·s-1. Figure 4 shows the temperature dependent PL 
intensity and lifetime, which indicates that the sample is dominated by radiative recombination at 
temperatures below 150 K. 
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Fig. 4. Temperature dependent integrated PL intensity and carrier 

lifetime of CdTe/MgCdTe DH showing that the sample is radiative 
recombination dominated at temperatures below 150 K. 

The bulk Shockley-Read-Hall carrier lifetime of CdTe and interface recombination velocity 
at the CdTe/Mg0.24Cd0.76Te heterointerface were estimated to be around 0.5 µs and (4.7 ± 0.4) × 
102 cm/s, respectively, using time-resolved photoluminescence (PL) measurements [5]. Four 
CdTe/MgCdTe double heterostructures (DHs) with varying CdTe layer thicknesses were grown 
on nearly lattice-matched InSb (001) substrates using molecular beam epitaxy. The longest 
lifetime of 179 ns was observed in the DH with a 2-µm-thick CdTe layer. It was also shown that 
the photon recycling effect had a strong influence on the bulk radiative lifetime, and the 
reabsorption process affected the measured PL spectrum shape and intensity.  

 
Fig. 5 Effective carrier lifetime τeff as a function of sample thickness d. The interface 
recombination velocity and the bulk Shockley-Read-Hall carrier lifetime are extracted to be (4.7 
± 0.4) × 102 cm/s and 0.5 µs respectively. 
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Finally, a CdZnTe alloy lattice-matched to InSb with a Zn composition of 0.54 % has been 
demonstrated with a long carrier lifetime of 340 ns observed in a 3-µm-thick CdZnTe/MgCdTe 
double-heterostructure (DH) grown on an InSb substrate. This lifetime is about three times that 
of a CdTe/MgCdTe DH with identical layer thickness [6]. This substantial improvement was 
attributed to the reduction in misfit dislocation density in the CdZnTe alloy as a result of 
complete lattice-matching to the substrate. On the contrary, the 3-µ-thick CdTe had a strain 
relaxation of ~30 % leading to a wider X-ray diffraction peak, a weaker integrated 
photoluminescence intensity, and shorter minority carrier lifetime. The findings indicated that 
CdZnTe lattice-matched to InSb is promising for high-efficiency solar cells with large open-
circuit voltages, as well as virtual substrate applications for high-performance large-area 
HgCdTe focal plane arrays. 
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